To evaluate the effects of dietary protein levels and probiotic supplementation on microbial intestinal fermentation, diarrhea incidence, and performance in weaned piglets, 162 piglets were randomly assigned to three treatments: high-protein diet (20%), with antibiotics (HPa); high-protein diet (20%), without antibiotics (HP); and low-protein diet, without antibiotics but with probiotics (LPpb). Piglets and feed were weighed weekly to calculate the average daily gain (ADG), average daily feed intake (ADFI), and gain: feed ratio (G:F). Four piglets per treatment were killed on day 21 postweaning to collect ileal and colon digesta for measurement of short-chain fatty acids (SCFAs), branched-chain fatty acids (BCFAs), lactic acid (LA), and ammonia (AM). In the digesta collected from the ileum and colon, piglets fed the HPa diet had the lowest concentration of volatile fatty acids. Additionally, the HP diet produced the highest concentration of BCFAs, while the LPpb diet produced moreacetic, propionic, and butyric acids than the HPa and HP diets. Piglets fed the HP diet had higher incidence and severity of diarrhea than piglets fed LPpb and HPa diets, and similar values were observed between these two groups. The second week postweaning was the most critical for diarrhea measurements; during the second week, animals had higher incidence and severity of diarrhea. Piglets fed the HPa and LPpb diets had similar ADGs, while those fed the HP diet had the poorest ADG. Similar results were observed with ADFI and G:F. A low-protein diet supplemented with probiotics changed the fermentation profile, reducing toxic metabolites, promoting gut health, decreasing the incidence and severity of postweaning diarrhea, and improving the performance of piglets.
Introduction
The use of vegetable protein sources in diets offered at weaning, when newly weaned piglets have a limited digestive capacity, promotes fermentation of undigested protein by opportunistic microorganisms, producing branched-chain fatty acids (BCFAs) and ammonia (AM). BCFAs and ammonia are toxic metabolites for the intestinal mucosa and most likely trigger of postweaning diarrhea and poor performance in piglets [1] [2] . Thus, postweaning diarrhea is associated with the consumption of high-protein diets [3] [4] .
To prevent postweaning diarrhea, piglets are often given antibiotics; however, antibiotics have been banned for use in livestock for human consumption, exacerbating postweaning diarrhea and related problems in piglets. Consequently, research has focused on looking for alternatives to replace antibiotics in piglet diets. One alternative is the use of low-protein diets: it has been hypothesized that consumption of a low crude protein diet reduces the availability of substrates for bacterial fermentation [5] [6] and improves fecal consistency [5] [7]- [9] , which have direct effects on postweaning diarrhea [3] [9] [10] . Another alternative is the use of probiotics, which have shown to have beneficial effects on intestinal health and productive performance in newly weaned piglets [10] [11] . While previous studies have evaluated separately the use of low-protein diets and diets including probiotics with different responses, no studies have assessed the effects of combining both treatments.
The aim of this study was to evaluate the effects of a combination of a low protein diet with probiotics on the fermentation patterns of the ileum and colon, the incidence and severity of diarrhea, and piglet performance during the first three weeks postweaning. Additionally, this diet was compared to a high protein diet with or without antibiotics.
Materials and Methods
The experiment was conducted at the experimental farm of CENID-Physiology (INIFAP, Mexico). The protocol was reviewed and approved by the bioethical committee of the Faculty of Natural Sciences of Autonomous University of Queretaro. The experimental animals were treated according to the guidelines of the Mexican official norm (NOM-062-ZOO-1999) for production, care, and use of animals for experimentation [12] and the guidelines of the International Guiding Principles for Biomedical Research Involving Animals [13] .
Animals and Diets
One hundred sixty-two (Fertilis 20 × G Performance, Genetiporc) piglets were used. Animals were weaned at 20 ± 1.4 days with an average body weight of 6.6 ± 1.1 kg. Piglets were housed in groups of six per pen, with nine pens per treatment. Experimental treatments (diets) were as follows: high-protein diet (20%) with antibiotics (HPa); high-protein diet (20%) without antibiotics (HP); and low-protein diet (16%) without antibiotics and with probiotics (LPpb), as described in Table 1 . High-protein diets provided amino acid requirements for this production phase [14] ; lysine, methionine, threonine, tryptophan, and valine were included in the low-protein diet to cover nutritional requirements of the piglets [14] . The probiotic used in the LPpb group included Bacillus subtilis and B. licheniformis (1:1).
Animal Management, Performance Data, and Fecal Scores
Piglets were placed in a temperature-controlled room (30˚C, 28˚C, and 26˚C ± 2˚C during the first, second, and third weeks postweaning, respectively). Animals were housed in weaning pens, with a nipple drinker and a feeder with six spaces; piglets had free access to feed and water throughout the entire experimental period. Piglets were weighed at the beginning of the experimental period and then every week thereafter. At the end of each week, the feed intake of each pen was measured by determining the difference between the amount of feed offered and the amount of feed rejected. These values were used to estimate feed efficiency (gain: feed ratio, G:F). To calculate the average daily feed intake (ADFI) and the average daily gain (ADG), the weekly measurements were divided by seven (days of a week). Incidence of diarrhea was measured daily in each pen by direct observation by two different evaluators. The severity of diarrhea was measured through visual evaluation of the fecal consistency, using a score from 0 to 3, where 0 indicated normal feces, 1 indicated mild diarrhea, 2 indicated moderate diarrhea, and 3 indicated severe diarrhea. The daily score of each pen was averaged every week to calculate the severity of diarrhea [3] .
Sampling and Analysis
At day 21 after weaning, four animals from each group (one per experimental unit [pen]) were stunned using CO 2 and euthanized by exsanguination by severing the jugular vein. A midline incision was made in the abdomen to expose the digestive tract. The small and large intestines were removed from the abdominal cavity to collect the terminal ileum and proximal colon digesta, which were immediately frozen in liquid nitrogen and stored at −80˚C until analysis. Concentrations of acetic, propionic, butyric, and valeric acids (SCFAs); isobutyric, isovaleric, and isocaproic acids (BCFAs) [15] and lactic acid (LA) [16] were measured by gas chromatography; and ammonia (AM) by distillation [17] . Diets were analyzed by Association of Official Analytical Chemists methods [17] : moisture (934.01), ashes (900.02), crude protein (984.13), crude fat (954.16). Neutral Detergent Fiber (NDF) were measured by Van Soest method [18] .
Statistical Analysis
Fermentation profiles were analyzed using a completely randomized design, considering the piglet as the experimental unit. ADG, ADFI, and G:F were analyzed using a completely randomized design, considering the pen as the experimental unit. In both cases, α-value of 0.05 was used to assess significance, and means were compared by Tukey's test using the GLM procedure of SAS [19] [20] . The presence and severity of diarrhea were analyzed as repeated measures on a time design, considering the pen as the experimental unit using the Proc Mix procedure of SAS [20] .
Results

Microbial Fermentation End Products
Fermentation profiles in the ileum and colon were affected by diet ( Table 2 ). Piglets fed HPa had lower concentration of total VFAs (Volatile Fatty Acids) (P <0.001) than piglets fed diets without antibiotics (HP and LPpb). The effects of antibiotic on the VFAs profile in the ileum and colon were different. The absence of antibiotic in the HP diet increased SCFA production in the ileum, but decreased SCFA production in the colon (P < 0.001). Animals fed the LPpb diet had higher concentration of SCFAs in the ileum and colon (P < 0.001) than animals fed the HP or HPa diet. Acetate was the most abundant SCFAs in piglets fed the LPpb diet, followed by butyrate and propionate. Higher concentrations of BCFAs were observed in the digesta, in both ileum and colon, of animals fed the HP diet than in those fed the HPa and LPpb diets (P < 0.001). LA concentrations in the ileum and colon were higher in piglets fed the LPpb diet (P < 0.001) than in those fed the HP and HPa diets. AM concentrations were higher in animals fed the HP diet (P < 0.001) than in those receiving the HPa and LPpb diets ( Table 2) .
Postweaning Diarrhea
All animals had mild diarrhea throughout the experimental period (Figure 1) . However, animals fed the HP diet had the highest incidence and severity of diarrhea (P < 0.01), while the other two groups (HPa and LPpb) exhibited similar incidence and severity. The highest incidence and severity of diarrhea were observed during the second week postweaning (P < 0.01). Both, incidence and severity of diarrhea, decreased during the third week postweaning (P < 0.01), returning to values similar to those observed during the first week postweaning.
Performance
Piglets fed the HPa and LPpb diets showed similar performance parameters (P > 0.05) for all weeks and for the entire experimental period (Figure 2) . In contrast, animals fed the HP diet had significantly poorer performance than the other two groups of animals (P < 0.05), except for ADFI during the first week postweaning and G:F during the second week postweaning.
Discussion
Fermentation Pattern
The presence of antibiotics and level of dietary protein in the diet modify the fermentative activity of the intes- Table 2 . Volatile fatty acids, lactic acid (μmol/g), and ammonia (mg/kg) production in the ileum and colon. tinal flora, as demonstrated by the results of the HP and LPpb groups in the present study. Animals in these groups that did not consume antibiotics showed the highest concentrations of the most microbial fermentation products (VFAs). In both, the ileum and colon of these animals, the quantity of VFAs was influenced by the concentration of SCFAs. This was supported by the observation that piglets fed the LPpb diet had higher concentration of SCFAs than animals of the other two groups (HPa and HP) (P < 0.01), while piglets fed the HP diet had higher concentration of BCFAs than the other two groups (HPa and LPpb) (P < 0.01). Animals fed the LPpb diet exhibited similar profiles of SCFAs in the colon and in the ileum. However, animals fed the HP diet exhibited lower concentrations of SCFAs than those fed the HPa diet (with antibiotics). These data indicate that antibiotics reduced overall fermentation in the ileum, but both antibiotics and protein levels affected intestinal fermentation in the colon. Indeed, the absence of antibiotics and presence of a large quantity of undigested protein in the hindgut probably favored the growth of microorganisms capable of fermenting protein (BCFAs and AM producers), which could limit the growth of other types of microorganisms (generally SCFAs producers). These results were consistent with those of several other studies [1] - [3] [9] in which the use of antibiotics showed to affect intestinal fermentation.
Microbial fermentation of protein increases AM production and fermentation of branched amino acids, generating BCFAs [2] . Thus, the level of dietary protein is a key factor that modifies the intestinal microenvironment. This idea was supported by the high concentrations of BCFAs and AM in the gut of animals fed the HP diet in the present study. This may be because piglets do not digest dietary protein well, and undigested protein remaining in the intestinal lumen can serve as a substrate for bacterial fermentation. BCFAs and AM are harmful metabolites to intestinal mucosa because they are able to alter the acid-base balance, an essential factor for water absorption in the hindgut, and this is probably one of the triggers postweaning diarrhea [1] [21] . Conversely, when the protein level was reduced and probiotics were added (LPpb diet), SCFAs and LA production were increased. This probably resulted from differences in the quantity of major ingredients of the diet required to reduce the protein level; in the LPpb diet, protein sources were reduced, while corn was increased ( Table 1) , providing a greater amount of starch, which is an important substrate to amylolytic bacteria, resulting in an increased production of acetic and propionic acids. In turn, acetic acid can be transformed to butyric acid, which provides between 70% and 90% of the energy required by colonocytes metabolism [22] , thus sparing about 30% of the energy requirement of piglets during the stressful period weaning represents [1] [22] [23] . Moreover, comparing results in the present study with other conducted by our research group, in which a low- Figure 2 . Effects of dietary protein levels and probiotics on the performance of newly weaned piglets. HPa: high-protein diet with antibiotics; HP: high-protein diet without antibiotics; LPpb: lowprotein diet without antibiotics and with probiotics; ab: bars with different letters show statistical differences; ADG1: average daily gain in week 1; ADG2: average daily gain in week 2; ADG3: average daily gain in week 3; TADG: average daily gain during the total experimental period; ADFI1: average daily feed intake in week 1; ADFI2: average daily feed intake in week 2; ADFI3: average daily feed intake in week 3; TAFI: average daily feed intake during the total experimental period; G:F1: gain:feed ratio in week 1; G:F2: gain:feed ratio in week 2; G:F3: gain:feed ratio in week 3; TG:F: total gain:feed ratio.
protein diet without probiotics was used (unpublished data), we can conclude that probiotics supplementation of a low protein diet resulted in a higher proportion of SCFAs, mainly acetic acid, which could be beneficial to the intestinal environment and probably reduce postweaning diarrhea in piglets.
Furthermore, high concentration of SCFAs reduces gut pH, inhibiting the development of potentially pathogenic bacteria [24] . The higher concentration of LA in the ileum with respect to that in the colon, may be the result of rapid lactose fermentation in the small intestine, causing a reduction in lactose transit to the large bowel. LA also serves as a bacterial control and promotes growth of beneficial bacteria, mainly SCFAs producers [1] [2].
Postweaning Diarrhea
The high incidence and severity of diarrhea in piglets fed the HP diet suggest that high level of dietary protein and the absence of antibiotics triggered postweaning diarrea. This was also observed by others (5 -9) and may be explained as the fermentation of undigested protein by opportunistic bacteria, which results in an increased production of BCFAs and AM, promoting the incidence and severity of diarrhea [25] [26] .
Addition of antibiotics to high-protein diets controls bacterial growth, reduces overall fermentation, and suppresses BCFA and AM production [21] [22] . Reduction of protein levels and addition of probiotics in the diet results in a beneficial fermentation pattern, increasing SCFAs and LA, and reducing BCFA and AM concentrations. These changes may reduce pH values and in turn decreasing growth of opportunistic bacteria [1] [21] . SCFAs, mainly butyrate, increase glucagon-like peptide 2 (GLP2) secretion by L cells in the ileum. GLP2 stimulates cellular proliferation and maturation, probably allowing a quick recovery of intestinal epithelium, reducing the incidence and severity of postweaning diarrhea [27] .
The transient under consumption normally reported during the first three days after weaning, probably reduces the presence of undigested protein in the intestinal lumen, thereby suppressing bacterial fermentation [28] . Consequently, fermentation should not be a determining factor in the incidence of diarrhea during the first week after weaning [28] . However, once piglets increase feed intake (3 -5 days after weaning) the presence of fermentable substrates (mainly protein) in the intestinal lumen may promote the growth of pathogenic bacteria, resulting in greater production of potentially toxic metabolites, which can damage the intestinal mucosa producing diarrhea [1] . The severity of diarrhea observed during the second week after weaning confirmed this mechanism. Once the animal's digestive capacity increases, the severity of diarrhea decreases [29] ; this was observed during the third week after weaning.
The increase in SCFAs observed in piglets fed with the combination of a low-protein diet and probiotics (LPpb diet), compared to those produced by piglets fed a high protein diet, may be the result of intestinal environmental changes favoring the establishment of beneficial microbes and limiting the growth of pathogenic bacteria [22] . These changes may reduce the incidence and severity of postweaning diarrhea and improve piglet's growth. On the other hand, probiotics facilitate the characteristics of the intestinal environment by maintaining an acidic pH, which inhibits the growth of potentially pathogenic bacteria that generally require an alkaline pH to grow [30] [31] . Beneficial bacteria rapidly proliferate to become more abundant through competitive exclusion, occupying binding sites on the intestinal mucosa that could otherwise be occupied by pathogenic bacteria [32] . Establishment of beneficial bacteria controls pathogenic bacteria proliferation through bacteriocin production, which ruptures the bacterial cell wall through a mechanism similar to that of several antibiotics [30] - [33] . On the other hand, probiotics have demonstrated to modulate the immune system, regulating the expression of pro-inflammatory cytokines, which contribute to the control of postweaning diarrhea [32] .
Performance
Low-protein diet contents did not affect performance (ADG, ADFI, and G:F) of piglets (Figure 2) . This result was consistent with those of Le Bellego and Noblet [34] , who found that diets with low crude protein, supplemented with essential amino acids, were effective to maximize nutrient intake by piglets. Furthermore, a decrease in dietary protein (from 20.4% to 16.9%) did not affect the ADFI or ADG of piglets. In the present study, protein levels were slightly lower (16%), and no differences were observed. Bikker et al. [28] observed that animals fed low-protein diets (15%) had higher ADFI and ADG than animals fed high protein diets. In a study by Reynolds and O'Doherty [35] feeding a low protein diet to piglets between 0 and 28 days postweaning, resulted in reduced growth rates, probably due to amino acids deficiency, mainly lysine. However, when appropriate amino acids were provided together with a low-protein diet, animal growth was not altered. In the present study, the low protein diet was supplemented with essential amino acids, including lysine, methionine, tryptophan, threonine, and valine; we believe this is the reason why no changes in animal performance was observed. These results are consistent with those of Reynoso et al. [36] , who found that protein content in the diet could be reduced as long as synthetic amino acids are included to meet the nutritional requirements of piglets. Similarly, Hansen et al. [37] observed the same ADG in piglets fed low (17%) and high-protein (21%) diets supplemented with amino acids.
Conclusion
In the present study, the use of antibiotics reduced microbial fermentation by altering the proliferation of intestinal bacteria. When piglets were fed a high protein diet VFAs concentration was increased, mainly BCFAs. Conversely, the use of a low-protein diet with probiotics promoted SCFAs production. Both high-protein diets with antibiotics and low-protein diets with probiotics promoted healthy intestinal environment, reducing the incidence and severity of diarrhea. Therefore, it can be concluded that feeding a low protein diet combined with probiotics to newly-weaned piglets may have similar effects on incidence and severity of diarrhea and performance, to those fed a high-protein diet with antibiotics. A combination of a low-protein diet and probiotics may be an effective alternative to the use of antibiotics in starter diets.
